• Upper limb PTS in children depends on DVT pathogenesis (primary vs secondary) and on the age of the patient (neonates vs non-neonates).
Introduction
Approximately 90% to 95% of deep vein thrombosis (DVT) occurring in adult patients affects the lower limbs, whereas only 5% to 10% affects the upper extremities (UE). 1 Not surprisingly, because of the relatively high incidence of DVT in the lower extremities, considerably less research has been dedicated to study the characteristics and outcomes of UE-DVT.
Postthrombotic syndrome (PTS), one of the potential outcomes of DVT, is defined as the "chronic venous symptoms and/or signs secondary to DVT and its sequelae." 2, 3 UE-PTS has been estimated to occur in approximately 15% of adult patients affected by UE-DVT. 4 To date, the existence of residual thrombosis is the only significant predictor for UE-PTS development in this population, whereas axillary and subclavian vein involvement appear to be potential risk factors. 5 In contrast to adult patients, 30% to 50% of cases of pediatric DVT involve the UE, [6] [7] [8] perhaps reflecting the role of central venous lines (CVL) as a risk factor for DVT in the pediatric population. The relatively high frequency of UE-DVT results in a higher expected frequency of UE-PTS in children compared with the adult population, highlighting the need to specifically study this condition and its consequences.
More than a decade ago, the Canadian thrombophilia registry reported 214 pediatric patients affected with UE-DVT, 15 (7%) of whom developed PTS. 9 Since then, a few studies have reported data on the long-term outcomes of DVT, and most of them have included thrombotic events involving a wide range of venous territories. These studies have reported a frequency of UE-PTS ranging between 19% and 54%. [6] [7] [8] [10] [11] [12] We sought to investigate the specific features of UE-DVT and the incidence and predictors of UE-PTS in a cohort of children followed up at our institution. In addition, we planned to investigate the frequency of thrombus resolution, recurrence, pulmonary embolism (PE), and death related to UE-DVT.
Methods
The health records of children diagnosed with UE-DVT at The Hospital for Sick Children, between January 1999 and July 2011, were retrospectively reviewed. The ethics review board approved this study. Informed consent was waived. This study was conducted in accordance with the Declaration of Helsinki.
Patients who had a thrombotic event objectively confirmed by Doppler ultrasonography, magnetic resonance imaging, computed tomography (CT), and/or venography, and who had at least one PTS assessment no sooner than 6 months after DVT diagnosis were included. In keeping with the institutional protocol, patients who sustain thrombotic events are assessed for PTS in the Pediatric Thrombosis Clinic every 18 months after the end of DVT therapy, until transfer to adult care. Patient care is either carried out or directly supervised by a thrombosis expert. To ensure quality of data, double data entry was performed. The agreement between observers for outcome ascertainment was excellent (weighted k 5 0.85 [95% confidence interval [CI] 0.74-0.95]). A third investigator resolved any disagreements.
Descriptive variables, outcomes, and predictors were defined as follows:
Descriptive variables
1. Patient characteristics and risk factors for UE-DVT included length of follow-up, age at diagnosis of DVT, sex, underlying conditions, use of oral contraceptives (OCP) before sustaining DVT, anthropometric variables, handedness, and major and minor thrombophilia.
Anthropometric variables encompassed body mass index (BMI) or weight-for-length percentile around the time of DVT diagnosis for patients older or younger than 2 years, respectively; BMI was estimated using a SAS macro available through the Centers for Disease Control and Prevention website. 13 According to the usual practice at our institution, thrombophilia testing is offered to all patients and it is performed according to the families' informed decision. Thrombophilia testing was performed and interpreted as described previously.
14 Major thrombophilia included protein C, protein S, or antithrombin deficiency, positive lupus anticoagulant or anticardiolipin antibodies as per published criteria, 15 and/or factor V Leiden (FVL) or prothrombin gene (PTG) homozygous mutation, or double-heterozygous FVL/PTG mutation. Minor thrombophilia traits included factor VIII or plasma lipoprotein (a) elevation and heterozygous FVL or PTG mutation.
2.
Characteristics of the UE-DVT at diagnosis comprised type of thrombotic event (described below), triggering event, laterality, vessel segment and number of segments affected, degree of occlusion, and imaging modality used for diagnosis.
3) Therapy of UE-DVT included type of drug, delay in starting therapy (Dt), dose (full anticoagulation vs prophylaxis 16 ), and duration of treatment.
Outcomes

1.
The main outcome of the study was PTS determined by the Modified Villalta Scale (MVS), one of the 2 pediatric PTS outcome measure tools accepted by the International Society of Thrombosis and Haemostasis (ISTH) Perinatal and Pediatric Haemostasis Subcommittee. 6, 17 This tool has been described previously. 6, 18 Data on signs and symptoms were collected at each visit and then transformed in MVS scores. 2. Resolution of DVT, recurrent DVT, PE, and DVT-related death constituted the secondary outcomes of the study. Resolution of DVT in follow-up imaging was classified as complete, partial, no resolution, or extension, and referred to that documented at end of therapy. End of therapy referred to the time immediately after thrombolysis in patients submitted to such therapy, 3 to 6 months after DVT diagnosis in patients receiving anticoagulation, and 3 months in patients not treated. Recurrent DVT was defined per current ISTH pediatric recommendations. 19 Predictors of the outcomes 1. Predictors of PTS: Type of thrombotic event was the main predictor of PTS and the main grouping variable of the study. Thrombotic events were classified as primary and secondary, based on their pathogenesis. Primary UE-DVT comprised idiopathic and effort-related thrombosis, including events related to anatomical variations. 20 Secondary UE-DVT included thrombosis triggered by other causes, such as CVL. Patients in the secondary group were further divided according to their age in neonates (0-28 days) and non-neonates (.28 days). Therefore, 3 main groups were compared throughout the study: primary UE-DVT (G1), secondary UE-DVT in neonates (G2 neonates ), and secondary UE-DVT in non-neonates (G2 non-neonates ).
Additional PTS predictors comprised age, sex, thrombophilia, symptomatic DVT, vein involved, number of segments affected, degree of occlusion, therapeutic modality and length, Dt, resolution, and recurrence.
Predictors of DVT resolution:
Predictors included therapeutic modality and thrombophilia.
Statistical analysis
Data analysis was generated using SAS software, version 9.2 (SAS Institute Inc., Cary, NC).
Categorical data were summarized as percentages and ratios. Appropriate measures of central tendency and dispersion were used to report continuous data. Characteristics were compared across groups (G1, G2 neonates , and G2 non-neonates ) using the x 2 test, Fisher exact test, and Mann-WhitneyWilcoxon U test, as appropriate.
Main outcome. The frequency of PTS, per the MVS, was compared among groups using the Fisher exact test. Average scores per follow-up periods were estimated. The time to diagnosis of PTS was analyzed in the 3 main groups using the Kaplan-Meier method. Survival curves were compared using the log-rank test.
The probability of having an MVS PTS score of .1 vs #1 was modeled using logistic regression. A score .1 was chosen to avoid overcalling PTS, given the retrospective nature of the data. Predictors associated with the outcome at a conservative P value of .20 in simple logistic regression were considered for a multivariable logistic regression model. Multicollinearity was assessed among potential predictors. Model fit was assessed with the Hosmer-Lemeshow test and c-statistics. Influential outliers were investigated. Models were compared using the Akaike Information Criterion (AIC). The final model was chosen on the basis of the clinical significance of the predictors and lowest AIC.
Secondary outcomes. The incidences of DVT resolution, recurrence, PE, and death were estimated as proportions. The time to DVT resolution was explored using survival analysis, as described before. Association between resolution and treatment modality was investigated using ordered logistic regression, a generalization of logistic regression for categorical dependent variables. 21 To minimize the impact of confounding by indication, the model was adjusted for the number of vessels affected. Association between recurrent DVT and thrombophilia, stratified per group, was explored using the Fisher exact test and Cochran-Mantel-Haenszel statistics.
Significance level was set at P , .05.
Results
Two-hundred forty-four children were diagnosed with UE-DVT during the study period. Of these patients, 23 had a primary event and 221 had a secondary event. Within the secondary group, 86 patients had no clinic follow-up (5 neonates and 25 non-neonates died; 9 neonates and 47 non-neonates were transferred out). Hence our final cohort comprised 158 patients: 23 primary UE-DVT (G1), 25 neonatal secondary UE-DVT (G2 neonates ), and 110 non-neonatal secondary UE-DVT (G2 non-neonates ).
General characteristics of the cohort
The general characteristics of the cohort are listed in Table 1 . The median follow-up time was significantly shorter in primary UE-DVT compared with the secondary groups. Patients in G1 were significantly older than patients in the secondary groups at the time of diagnosis of UE-DVT. The groups did not differ significantly in the male:female ratio. Patients in G1 were healthy at the time of diagnosis of UE-DVT. In contrast, surgical procedures and diagnosis of cancer occurred more frequently around the time of DVT in G2 patients. Half of the females in G1 (n 5 6) were taking OCP at the time of UE-DVT diagnosis. Anthropometric measurements were not significantly different among the groups . Although no thrombophilia was documented in G2 neonates, the overall frequency of patients in whom an abnormality was identified was 18% in G2 non-neonates and 43% in G1.The majority of traits found were minor.
Characteristics of the UE-DVT at diagnosis
The majority of thrombotic events in G1 were effort-related (20/23; 87%) and potentially triggered by playing sports (swimming, golf, tennis, water polo, baseball, rowing), weight lifting, dancing, and instrument playing (drums, trumpet) ( Table 1 and Figure 1 ). Conversely, most secondary UE-DVT cases were line-related (126/135; 93%).
Thrombotic events were most commonly CVL-related in neonates and peripherally inserted central catheter (PICC)-associated in nonneonates. UE-DVT occurred predominantly on the right side, independently of the group. Bilateral events were more common in patients with congenital heart disease (CHD; 18/38, 56%) and cancer (5/35, 14%). The subclavian vein was the most common segment involved in G1, whereas brachiocephalic vein involvement was more frequent in G2. A larger number of vein segments were affected in G1. One-half to two-thirds of patients in all groups had at least one completely occluded segment at diagnosis. Different from G2 patients, children on G1 had a combined imaging modality approach for DVT diagnosis. All G1 patients had symptoms at the time of the diagnosis of acute DVT. In contrast, only a minority of patients in G2 neonates was symptomatic (3/25, 12%). Children in G2 non-neonates were symptomatic in half of the cases (55/110, 50%). The most common sign in all groups was local edema .
Therapeutic modality
The majority of patients were treated with therapeutic anticoagulation (Table 1) . Sixteen (15%) of patients in G2 non-neonates were not treated or received prophylactic anticoagulation only, eight to treat asymptomatic or chronic thrombus, three because of the risk of bleeding, and five for unclear reasons. One-third (8/23) of patients in G1 received up-front local pharmaco-mechanical thrombolysis, followed by standard anticoagulation. Two of these 8 patients had minor bleeding events (at the sites of peripheral line insertion) during pharmaco-mechanical thrombolysis. Only 2 of 110 (2%) children in G2 non-neonates received systemic thrombolysis. The overall median (25th and 75th percentiles) length of treatment was 6.7 months (5.0, 10.6 months) in G1, 90 days (85 days, 105 days) in G2 neonates , and 94 days (87, 112 days) in G2 non-neonates . The median (25th and 75th percentiles) time to start therapy was similar in all groups, at 0 days (0 and 1 day). Four G1 patients underwent surgical correction of thoracic outlet syndrome.
Outcomes PTS. Twenty patients (87%) in G1, 4 patients (16%) in G2 neonates, and 54 (49%) patients in G2 non-neonates had a PTS score $1 at the time of their last clinic follow-up ( Table 2 ). The distribution of severities was significantly different among groups (P 5 .007).
When analyzing the trajectory of PTS scores according to the longitudinal clinical assessment of each patient, it was found that PTS severity tended to increase in primary cases, whereas nonneonates showed only a mild severity increase. The average trend lines for PTS scores over follow-up time ranges are shown in Figure 2 .
Increased limb circumference, pain, collaterals, and edema were the most common PTS-related clinical findings recorded in G1 patients, occurring in one-half to two-thirds of patients. Collateral vessels and increased limb circumference were the most common For personal use only. on April 14, 2017. by guest www.bloodjournal.org From clinical findings in patients with secondary UE-DVT (36% and 16% in G2 neonates and 46% and 27% in G2 non-neonates , respectively).
Survival analysis showed that approximately half of the patients would be diagnosed with PTS one year (95% CI 0.7, 1.1), 9.7 years (95% CI 3.2, 11.0), and 3.1 years (95% CI 2.8, 3.6) after UE-DVT in G1, G2 neonates , and G2 non-neonates , respectively. The log-rank test showed a statistically significant difference in survival distribution among groups (P , .0001). Kaplan-Meier curves are shown in Figure 3 .
Simple logistic regression showed that the following predictors were significantly associated with PTS: group (G1, G2 neonates , G2 non-neonates , P , .001), age of the patient (P , .001), symptoms at DVT presentation (yes vs no, P , .001), subclavian vein involvement (yes vs no, P 5 .02), type of treatment (no treatment or prophylaxis, anticoagulation, thrombolysis, P 5 .003), and length of anticoagulation treatment (,45 days vs 45-90 days vs .90 days, P 5 .023). Conversely, sex (male vs female, P 5 .88), number of affected segments (P 5 .30), degree of vessel occlusion (occlusive vs nonocclusive, P 5 .45), Dt (in days, P 5 .61), resolution of DVT (complete or partial vs no resolution or extension, P 5 .09), recurrent DVT (yes vs no, P 5 .06), and the presence of thrombophilia (no thrombophilia vs major vs minor, P 5 .22) were not significantly associated with the outcome. No statistically significant association between DVT affecting the dominant arm and PTS was found (P 5 .66).
All potential predictors associated with the outcome at the prespecified P value of .20 were considered for a multivariable logistic regression model. According to the final model (Table 3) , patients with primary UE-DVT were 37.7 times (95% CI, 10.7-133.6) as likely to develop PTS as patients with secondary UE-DVT of any age. Patients who had no resolution or extension of thrombosis at follow-up were 7.16 (95% CI, 1.5-33.4) times as likely as patients who had complete resolution to develop PTS.
DVT resolution. Follow-up imaging showed partial resolution of the thrombotic event in the majority of G1 patients. Conversely, complete resolution was more frequent in the secondary groups (Table 2) . Resolution status was not significantly different among groups (P 5 .35).
Ordered logistic regression showed that the degree of resolution at the end of therapy (complete vs partial resolution vs no resolution/ extension), adjusted for the number of affected vein segments, was significantly associated with treatment modality (no treatment/ prophylaxis only vs therapeutic anticoagulation vs thrombolysis, P 5 .012). The odds of no resolution/DVT extension were 6.5 times greater (95% CI 2.4-17.7, P , .001) than the odds of complete and partial resolution (combined) in patients who received no treatment/ prophylaxis only, compared with patients who received full anticoagulation. The odds of no resolution/DVT extension in patients who received thrombolysis were not significantly different from complete and partial resolution combined, when compared with patients receiving therapeutic anticoagulation (OR 1.4; 95% CI, 0.04-5.0; P 5 .61). We found no association between the presence of thrombophilia and degree of resolution (P 5 .78).
Recurrent DVT. The incidence of recurrent DVT is shown in Table 2 . Patients had a recurrent event at a median (range) of 206 days (193-631) in G1 and 127 days (61-1716) in G2 non-neonates . Two recurrent events in G1 and 3 events in G2 non-neonates were incidentally found. There was no association between recurrence and thrombophilia (P 5 .4), even after stratifying for group (P 5 .20) .
PE. Twelve patients in the cohort (Table 2 ) had a ventilationperfusion (V/Q) scan or an angio-pulmonary CT for suspected PE around the time of UE-DVT diagnosis. Three of these patients (G2 non-neonates group) had an objectively confirmed PE, resulting in an incidence of 2.7% among non-neonates with secondary UE-DVT and of 1.9% in the entire cohort. These 3 patients had sustained line-related DVT; one had cancer, one had a metabolic disease, and the third patient was homozygous for FVL.
Deaths. No DVT-related deaths were found in this cohort.
Discussion
Given the differences in the relative distribution of thrombotic events in upper and lower limbs between children and adults described before, UE-DVT is more relevant as a health care problem in the pediatric population. Our study describes the characteristics and outcomes of these events.
In agreement with our findings in G1 patients, the literature reports a predominance of subclavian vein compromise among adult patients who sustain UE-DVT. [22] [23] [24] Regarding DVT laterality, studies have shown an increased frequency of left-side compromise in line-related UE-DVT in both adults and children, particularly in the setting of cancer. [25] [26] [27] [28] The increased frequency of right-sided events found herein at our institution is probably related to the higher frequency of line placement in the right arm. 29 We found a high prevalence of thrombophilia traits in primary UE-DVT. Although still controversial, some studies suggest thrombophilia may play a role in UE-DVT in adults, especially in primary cases. 30 Adult patients with inherited thrombophilia have been reported to have twice the odds of sustaining primary or secondary 
UE-DVT
31 and 2 to 6 times the odds of sustaining primary UE-DVT 32,33 compared with healthy controls. Interestingly, FVL and PTG have been reported to increase the odds of sustaining UE-DVT in adult OCP users. 31, 32 Our study design precludes analyzing such interaction.
DVT can be followed by long-term complications, including PTS. 9 There are physiological differences between the UE and LE venous territories, such as in hydrostatic pressure and the number of vein valves, 20, 34, 35 which likely affect not only the frequency but also the clinical features of PTS. To date, there is limited research focusing on the characteristics and predictors of UE-PTS.
To our knowledge, only 2 relatively small studies have focused specifically on pediatric UE-PTS. The 40% incidence of PTS among 15 children with primary UE-DVT reported by Malec 10 is lower than the incidence found here in primary UE-DVT cases, which may be caused by limitations of the current instruments used to diagnose PTS. 17 Conversely, the frequency of PTS among non-neonates with secondary UE-DVT observed here is similar to the 54% found by Kuhle et al in 13 patients with a history of acute leukemia. 12 We found that the frequency of pediatric UE-PTS differed according to the pathogenesis of acute DVT and, within the secondary group, to the patient's age. Teenagers with primary UE-DVT developed PTS more frequently and sooner than the secondary groups. In comparison, features compatible with PTS were least frequently observed in neonates with secondary UE-DVT and occurred almost a decade after the diagnosis of the thrombotic event. The low frequency of PTS among neonates may be associated with differences in the inflammatory response. Thrombosis and inflammation are closely related processes. For example, selectins, proteins that mediate the recruitment of neutrophils to inflammation sites, 36 are also relevant in thrombotic events. Notably, P-selectin has a direct role in the early phases of thrombosis, and its inhibition has been shown to reduce perithrombotic inflammation and postthrombotic vein wall fibrosis in animal models, independent of the absolute size of the thrombus. 37, 38 Interestingly, neonatal neutrophils and neonatal endothelial cells have been shown to exhibit decreased P-selectin expression. 39, 40 Neonates also showed less severe PTS-related clinical findings compared with older children and adolescents in this study. Importantly, the impact of mild PTS is starting to be unraveled, with a recent study reporting that, unlike the more severe PTS cases, selfreported quality of life (QOL) of patients with mild PTS was similar to that of children without PTS, according to a generic QOL tool. 41 Both the pathogenesis of acute DVT and the end-of-therapy DVT resolution predicted the development of PTS in our study. Resolution status was the only significant risk factor for UE-PTS found by Prandoni et al in a prospective cohort of 53 adults with primary or secondary UE-DVT. 5 Thrombophilia, including persistent FVIII elevation, was not a predictor of PTS, nor was it associated with DVT recurrence or resolution as 3 independent outcomes in this cohort. Importantly, the results of available pediatric studies have not agreed on the role of elevated FVIII elevation as a risk factor for PTS. [42] [43] [44] The frequency of DVT resolution observed here is similar to that previously reported among pediatric patients with non-central nervous system venous thrombosis 45, 46 and among children with arterial and venous thrombosis treated with standard anticoagulation. 47 Thrombolysis did not result in a significant difference in DVT resolution in our study. Although research conducted in adult patients has shown more favorable thrombus resolution with the use of catheter-directed thrombolysis and systemic thrombolysis, [48] [49] [50] [51] [52] the superiority of these modalities compared with standard anticoagulation in preventing UE-PTS is still unclear. 1 Nonetheless, larger and specifically designed studies are required to investigate the impact of thrombolysis in pediatric UE-DVT.
Children with VTE are also susceptible to other severe complications including recurrent thrombosis, PE, and death.
9,53 The 13% For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From to 14% frequency of recurrent events found herein falls within the 5% to 18.5% recurrence range previously reported in unselected cases of pediatric VTE 9, [54] [55] [56] [57] [58] [59] and is slightly higher than that reported in adult patients (2.3%-14.5%, depending on the length of follow-up and therapeutic management). 32, [60] [61] [62] [63] In our study, thrombophilia was not associated with the risk of recurrent events. This is in keeping with the results of studies conducted in adult patients that reported no difference in the adjusted hazard ratio for UE-DVT recurrence in patients with and without thrombophilia. 32, 60 The overall incidence of PE in our cohort (1.9%) is lower than the overall 9.6% incidence of symptomatic PE reported among patients with thrombosis at another site by the Pediatric Canadian Registry. 9 According to this registry, the subset of patients with line-related UE-DVT had a 15% incidence of PE, 64 which is also higher than the 2.7% incidence of PE we found among non-neonates with secondary DVT. The difference could be explained in part by the detection techniques used.
Although the overall thrombosis-related mortality rate in pediatrics has been reported to be as high as 2.2%, 9,54,55 we found no UE-DVT-related deaths in our cohort.
There are several limitations to our study. First, a retrospective design requires caution when collecting data. Thus, to increase accuracy, data were extracted by 3 data collectors and outcomes were assessed by 3 researchers. Second, there was a 13% non-VTE-related death rate and a 25% loss to follow-up in patients with secondary UE-DVT; it is possible that disease severity may have differed in these patients. Also, because only patients with PTS assessment were included, the selected population may comprise patients with more severe clinical findings. Nevertheless, our cohort reflects a real clinical scenario. Third, the presence of confounding by indication in the analysis of the effect of therapy on the outcomes, particularly in primary UE-DVT, cannot be ruled out, and patients with more extensive thrombotic burden may have been selected to undergo thrombolysis. We attempted to minimize this confounding effect by taking into account the number of affected segments as a surrogate of thrombosis severity. Fourth, although we used one of the 2 tools proposed by the ISTH (MVS), we were unable to apply the second instrument retrospectively (Manco-Johnson Instrument). Nonetheless, a recent study reported an almost perfect agreement between both tools (k 5 0.88). 65 In conclusion, the results presented here highlight the importance of PTS as an emerging disease in pediatrics. Given the relative high frequency of UE-DVT, further investigation on the outcomes of such thrombotic events is required. Our study shows that secondary UE-DVT likely has a more benign course regarding the development of PTS compared with primary UE-DVT, particularly in neonates, and that residual thrombosis is also a risk factor for PTS development.
